The nearby starburst galaxy NGC 253 was mapped in the ammonia (J,K) = (1,1), (2,2), and (3,3) lines in the 23 GHz region with the Very Large Array. The angular resolutions were about 4 × 3 . The distributions of the three lines were different from one another. The (1,1) and (3,3) lines were distributed along the bar mainly at the northeastern and southwestern regions from the center, but the (2,2) line is distributed mainly at two clumps in the southwestern region from the center. In addition, the (1,1) line showed absorption at the central region. The obtained rotational temperatures were <15-28 K (lower limit), depending on the clumps. The ammonia distributions are generally consistent with estimates from our single-dish results already published. The distributions of ammonia were compared with those of continuum and several other molecular lines.
Introduction
About 30 molecules have been detected in external galaxies, mainly through radioastronomical observations (e.g., Henkel et al. 1991) . These molecules have been used to study the distribution and kinematics of the molecular gas, physical conditions such as temperature and density, and chemical reactions.
Many molecules have been detected in two well-known starburst galaxies, NGC253 and M 82. Their H 2 column densities are very high and nearly the same (∼ 10 23 cm −2 ), and their distances from our Galaxy are also nearly identical (∼ 3 Mpc). However, the molecular abundances in these galaxies are significantly different (e.g., Henkel, Mauersberger 1992; Takano et al. 1995) . In addition, the molecular abundance in M82 is systematically peculiar among nearby galaxies regarding the formation mechanisms of molecules (Takano et al. 2002) : Molecules possibly formed by neutral-neutral reactions with significant activation energy, and those formed on dust grains are deficient in M 82 (Molecules in Category 3 and 4 defined by Takano et al. 1995) . Ammonia (NH 3 ) also belongs to the category of molecules that are deficient in M82. Its strong emission was detected in NGC 253 (Martin, Ho 1979; Takano et al. 2002; Mauersberger et al. 2003) , but weak emission was detected in M 82 (Weiß et al. 2001 ). The abundances relative to H 2 are 3×10 −8 (Takano et al. 2002) for NGC253 and 5×10 −10 (Weiß et al. 2001 ) for M 82. Ammonia has several lines with different excitation energies around 23 GHz (e.g., Ho, Townes 1983) . Consequently, these transitions are useful to determine the temperature, and have been well observed in many galactic sources (e.g., Hofner et al. 1999) .
In an earlier study, we observed the NH 3 (J,K)=(1,1), (2,2), and (3,3) inversion transitions at the central region of NGC 253 with the Nobeyama 45-m radiotelescope (Takano et al. 2002) . The lineshapes of the three transitions are different from each other. The (1,1) line is asymmetric with respect to the systemic velocity of the galaxy (V LSR = 230 km s −1 ) and strong at V LSR ∼ 300 km s −1 . The (2,2) linewidth is significantly narrower than that of the (1,1) line, and the emission of this line exists mainly at ∼ 300 km s −1 . In addition, the (3,3) line is more symmetric with respect to the systemic velocity, and the intensity is the strongest of the three transitions. The measured rotational temperatures (≤ 17-50 K) from the (1,1) and (2,2) lines depend on the velocity components, and a peculiar high ortho-to-para abundance ratio (> 6) was obtained at one of the velocity components. In addition, Mauersberger et al. (2003) observed the NH 3 (J,K)=(1,1) to (4,4) and (6,6) transitions toward NGC 253 with the Effelsberg 100-m radiotelescope. The lineshapes of the (1,1) to (3,3) transitions are generally similar between the two observations, though the second velocity component of the (2,2) transition (∼ 170 km s −1 ) is clearly seen in Mauersberger et al. (2003) . They obtained higher temperatures of 100 and 142 K, depending on the velocity components including higher excitation lines. Since the lineshape is mainly governed by galactic rotation, the difference in the lineshapes between the (1,1) to (3,3) transitions indicates different spatial distributions of these lines. High angular resolution observations of NH 3 are important to map the molecular distribution, and to confirm and understand the peculiar results obtained with the single dish telescope. To study the ammonia distributions in detail in NGC 253, we carried out interferometric observations with the Very Large Array (VLA). Prior to our work, the spatial distribution of ammonia in external galaxies had only been studied in IC342 with the VLA by Ho et al. (1990) .
In this article we report on the distribution of the NH 3 (1,1), (2,2), and (3,3) lines in NGC 253. Section 2 describes our observations, and in section 3 we present the results and analysis of the NH 3 data. In section 4 we present a brief discussion of the results, and conclude with a summary in section 5.
Observations
Observations of the NH 3 (1,1), (2,2), and (3,3) lines were made on 5 different dates during 1996 and 1997 with the VLA of the National Radio Astronomy Observatory (NRAO), 1 near Socorro, New Mexico. Due to the southern declination of NGC 253, all observations were made in the DnC configuration to avoid a highly elongated synthesized beam. The beam size (FWHM) was about 4 ×3 (48 × 36 pc at 2.5 Mpc, e.g., de Vaucouleurs 1978; Mauersberger et al. 1996) . The data were obtained under generally good observing conditions with the exception of 1996 June 22, when the sky was almost completely cloud covered. A detailed summary of the observational parameters is given in table 1. The rest frequencies of the three lines were taken from Kukolich (1967) .
In order to completely cover the broad (1,1) and (3,3) lines (∼ 280 km s −1 at the zero level) (Takano et al. 2002) , and also to obtain line-free channels for continuum subtraction, we synthesized a 34 MHz bandwidth by offsetting the band center frequencies of IF1 and IF2 symmetrically about the line rest frequency with several channels of overlap (see table 1 ). The flux calibration was based on observations of the standard source 3C 48 (B0134+329), for which we assumed fluxes of 1.085, 1.083, and 1.102 Jy for the frequencies of the NH 3 (1,1), (2,2), and (3,3) lines, respectively. Alternating observations of 15 min and 3 min duration were obtained for NGC 253 and a nearby secondary calibrator, B0118−272, for which we measured a 1.3 cm continuum flux density of approximately 0.7 Jy, with a variation of about 20% throughout the 1996-1997 observing period. The data were reduced using the NRAO software package AIPS. Calibration factors for the amplitude and the phase were determined separately for each IF from the B0118−272 observations in the standard fashion and applied to the NGC
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3 253 data. For the (1,1) and (2,2) data we derived improved phase and amplitude corrections using a self-calibration procedure on the continuum data, and subsequently applied the derived corrections to the line data. For the (3,3) data, a phase-only self-calibration on the continuum was sufficient. We calibrated the frequency response of our bandpass by observations of the strong source 3C 84 (B0316+413). A continuum data set was derived from line-free channels at each observing frequency, and images were created using AIPS task IMAGR. The three continuum images were compared to assess the quality of our calibration. Morphologically and positionally the maps agreed to a high degree, but the total derived 1.3 cm continuum fluxes differed by up to 20%. We adopted this number as a conservative estimate on our absolute flux calibration. Based on this comparison, we calculated scaling factors for our three data sets, such that the total 1.3 cm continuum flux density would equal the average of the three observations. The same scaling factors were applied to the line data, and thus the relative calibration between the NH 3 lines should have an accuracy of better than 20%.
After subtracting the continuum data in the UV domain, we used the AIPS task IMAGR to produce naturally weighted NH 3 line data cubes with 256 × 256 pixels of size 0. 5 along RA and DEC axes. Overlapping line channels were compared and in general agreed very well. These were subsequently averaged and both IFs were joined to form final line data cubes for the NH 3 (1,1), (2,2), and (3,3) lines, respectively. Typical rms noise levels in the final line data were about 0.9 mJy per beam for the (1,1) and (2,2) lines, and about 1.8 mJy per beam for the (3,3) line.
Results and Analysis

1.3 cm Continuum
In figure 1 we show our 1.3 cm continuum map derived from line-free channels of the NH 3 (1,1) observations. It consists of an elongated central emission and extended weak emission toward the northeast and the southwest, roughly symmetrically about the center. The position angle (P.A.) of the weak intensity region is ∼ 55
• , which is similar to the P.A. of 51 • of the optical bar (Pence 1981) . The total flux density, as derived from the average of the (1,1), (2,2), and (3,3) observations, is 0.56±0.06 Jy. Near our frequency (at 31.4 GHz, 0.95 cm) a flux density of 0.59±0.08 Jy was reported by Geldzahler and Witzel (1981) . Our value is close to their value. At much shorter wavelengths, the flux densities increase; for example, the flux density at 350 µm is 172 ± 51 Jy (Rieke et al. 1973 ) due to emission from dust. On the other hand, at longer wavelengths the flux densities also increase (e.g., Kühr et al. 1981) due to synchrotron radiation. Our observed value at 1.3 cm is situated in a region of decreasing flux due to synchrotron radiation. Further high angular resolution data at 1.3 cm have already been reported by Ulvestad and Antonucci (1997) .
NH 3 (1,1), (2,2), and (3,3) Inversion Lines
Figure 2a-c shows channel maps of the (1,1), (2,2), and (3,3) lines, respectively. In the case of the (1,1) line (figure 2a), as the velocity changes from high to low, the emission starts to appear in the region southwest from the center (V LSR = 339 km s −1 ). Then, the peak position tends to move toward the center (319-300 km s −1 ). At 300 km s −1 there is a strong peak at about 6 southwest from the center. In addition, there is another peak at about 20 southwest from the center. Near the systemic velocity (221-181 km s −1 ), it is interesting to note that negative contours at the center indicate ammonia absorption against the nuclear continuum. Then, the emission starts to appear in the region northeast from the center, and as the velocity becomes lower the peak position tends to move towards the center ( at about 3 northeast from the center. Overall, the behavior of the emission against velocity is consistent with galactic rotation, but the detailed motion appears to be more complex.
In the case of the (2,2) line (figure 2b), there are relatively few velocity channels that contain emission. At around 300 km s −1 (310-290 km s −1 ) there are two clear peaks at about 7 and 20 southwest from the center. These peaks correspond to those of the (1,1) line at similar velocities. On the other hand, the (2,2) emission northeast of the center is weak (191 km s −1 ) compared to that of the (1,1) line. This is a remarkable and peculiar feature of the (2,2) line. The velocity of the southwestern clumps corresponds to the remarkably narrow emission line of the (2,2) line (at ∼ 300 km s −1 ) observed with the 45-m telescope (Takano et al. 2002) . The reason for the narrow emission line was, therefore, due to its limited distribution of the (2,2) line in NGC 253. There is no significant emission at the center at any velocity channel. In the case of the (3,3) line (figure 2c), as the velocity changes from high to low, the emission starts to appear in the southwestern region (339 km s −1 ). At around the 299 km s −1 velocity channel there are two strong peaks at about 7 and 20 southwest of the center. These peaks correspond to those of the (1,1) and (2,2) lines at similar velocities. Near the systemic velocity (241 km s −1 ) there is weak emission close to the center. This is different from the cases for the (1,1) and (2,2) lines. Then, the (3,3) emission starts to appear in the northeastern region from the center. There are two strong peaks seen at around 182 km s −1 at distances of about 3 and 8 northeast from the center. These peaks correspond to those of the (1,1) line at similar velocity. Figure 3 shows a position-velocity diagram along a ridge of clumps (at P.A. = 60 • , cf.
figure 5a) including the center, where eight pixels were averaged perpendicular to this ridge. The contours are for the (1,1) line and the grey scale represents the (3,3) line. The velocity structure is not a simple rigid body rotation, nor Keplerian rotation. The spatial distribution of the (3,3) line appears to be continuous along the ridge, as shown later in the integrated intensity map (figure 5c), but from the aspect of the velocity field it is not continuous, and consequently the clumps at the central region might not be physically related each other. In figure 4 an isovelocity map of the (1,1) line is shown. The overall tendency seen in this figure is that the velocity decreases gradually from the southwest to the northeast. However, some irregular tendency of the velocity is recognized in the northeastern region, where the velocity locally increases. A similar tendency has already been reported for the case of CO (Canzian et al. 1988) , HCN (Paglione et al. 1995) , CS (Peng et al. 1996) , 13 CO, CN, and HNC (Hüttemeister, Aalto 1999) . Figure 5a -c shows integrated intensity maps of the three transitions made using the AIPS task MOMNT, where a flux density more than 2 sigma of the rms noise level of each channel map was used. The overall distribution of the (1,1) line (figure 5a) is similar to those of CO (Canzian et al. 1988 ) and HCN (Paglione et al. 1995) , but there are approximately 3-6 clumps along the central bar (at P.A. ∼ 60
• ), and there is absorption at the center, as already seen in the channel maps. The clumps are located about 3-13 northeast from the center, and about 8 and 18 southwest from the center. The intensities of the southwestern clumps are stronger than those of the northeastern clumps. For the (2,2) line (figure 5b), there are ∼ 3 clumps that are also found in the (1,1) line. No significant emission has been detected at the center, as already seen in the channel maps. The intensity of the northeastern clump is significantly weaker than those of the two southwestern clumps. The distribution of the (2,2) line is generally more compact than that of the (1,1) line. For the (3,3) line (figure 5c), there is emission at the clump positions seen in the (1,1) and (2,2) lines, except for the most northeastern clump seen in the (1,1) and (2,2) lines, but not clearly seen in the (3,3) line. The distribution is slightly more concentrated toward the center, and there is some emission at the center. We analyzed the maps to obtain the abundance of ammonia and the rotational temperature. The analysis was done for each region in the maps, as shown in figure 6 , where the names of the regions are also indicated: Northeast 2 (NE2), Northeast 1 (NE1), Center, Southwest 1 (SW1), and Southwest 2 (SW2). Figure 7a -e shows the spectra of ammonia at each region. Generally, the intensity of the (2,2) line is low, particularly in the northeastern regions, as expected from the previous figures. On the other hand, the intensity of the (3,3) line is the strongest in most of the regions, also as expected from the previous figures. In the SW2 region the ammonia lines have a velocity of ∼ 300 km s −1 . In Takano et al. (2002) , the nature of the velocity component at ∼ 300 km s
was already discussed based on the single-dish observations. The correspondence between the interferometric data and the single-dish data is discussed below. The integrated flux densities of ammonia from each region, as derived from the spectra, are listed in table 2.
Analysis of the Line Data to Calculate the Temperature and Column Density
An analysis of the line data was carried out by applying a rotation diagram method to the spectra measured at each of the regions defined in figure 6 . The details of the method are already explained in Takano, Nakai, and Kawaguchi (2002) . The resulting temperature and column density are listed in table 3.
The temperature calculated with the (1,1) and (2,2) lines (para-ammonia) in the NE1 region is < 15 K, which is consistent with the value ≤ 17 K obtained at the corresponding ammonia velocity with the 45-m telescope (Takano et al. 2002) . On the other hand, in the SW1 region, the calculated temperature of 26±4 K (error based on 20% uncertainty of the integrated intensity) is lower than the value 50 +17 −10 K (1 sigma error) obtained at the corresponding velocity with the 45-m telescope.
A reason for the possible difference in the temperature is that the (2,2) line may be weaker in our VLA data compared with the observational results with the 45-m telescope. For a comparison of the fluxes between the 45-m telescope and VLA, integration over a large beam area of the 45-m telescope (71 ) in the VLA maps was done, but resulted in a large uncertainty in the total flux density due to a low signal-to-noise ratio and to additive effects caused by residual phase errors. The fluxes of the VLA relative to those of the 45-m telescope measured under such conditions were ∼ 1.4±0.3 (1 sigma error), ∼ 0.46±0.14, and ∼ 1.2±0.2 for the (1,1), (2,2), and (3,3) lines, respectively. Based on these considerations, we consider the rotational temperatures obtained from the VLA data as lower limits. In case of the data taken with the 45-m telescope, all related ammonia lines were observed simultaneously, but the signal-to-noise ratio was also limited (4-8).
Discussion
Obtained Temperatures
In the previous studies, the obtained temperatures were ≤ 17-50 K from the (1,1) and (2,2) lines by Takano, Nakai, and Kawaguchi (2002) and 100 and 142 K from the (1,1) to (4,4) and (6,6) lines by Mauersberger et al. (2003) , depending on the velocity components, as mentioned in the introduction. The higher excitation lines (mainly (6,6)) contributed to increase the temperatures, as recognized in the Boltzmann plots in Mauersberger et al. (2003) . Model calculations also indicated that the temperatures tend to become high by using data of high excitation lines (Walmsley, Ungerechts 1983) .
The temperatures obtained from the present observations with the VLA were < 15-28 K (except the central position) from the (1,1) and (2,2) lines. These relatively low values are due to no high excitation lines and to a possible low intensity of the (2,2) line (see the former section).
Distributions of NH 3 (1,1), (2,2), and (3,3) Inversion Lines
The distributions of the three lines of ammonia were measured in NGC 253 as shown in the former section. The distributions were roughly consistent with the estimates based on the lineshapes obtained from the single-dish observations (Takano et al. 2002) . The (1,1) line measured with the 45-m telescope shows velocities of ∼ 100-400 km s −1 , and has a peak at ∼ 300 km s −1 . This lineshape is consistent with its distribution in the bar of NGC253 (figure 5a) in the sense that the emission appears on both sides of the center, and that the peak intensity is stronger in the southwestern regions than that in the northeastern regions. The absorption at the center was found in the present data only in the (1,1) line. This absorption can be understood as absorption of the central continuum by cold ammonia in the foreground, where the (1,1) level is significantly populated. The brightness temperature of the continuum at the central peak was derived to be 82 K from our data (figure 1). The excitation temperature of the foreground (1,1) level is, therefore, less than 82 K. The optical depth of the absorption averaged within the beam was estimated from the intensities of the continuum and the absorption: the obtained value is 0.03. The (2,2) lineshape, as measured with the 45-m telescope, is remarkably narrow and exists mainly in the velocity range between ∼ 260-320 km s −1 . This lineshape is consistent with the distribution in NGC 253 (figure 5b) as emission appears mainly at the southwestern regions, where the central velocity is ∼ 300 km s −1 . The (3,3) lineshape obtained with the 45-m telescope is also consistent with its distribution ( figure 5c ) measured with the VLA, since the emission appears on both sides of the center with a similar peak intensity. In the following, the properties of particularly interesting regions are discussed.
Northeastern Clump 1
In this region, the (2,2) line is barely detected, although the (3,3) line is strongest among the three lines. This situation causes the low temperature calculated from the (1,1) and (2,2) intensity ratio. As already discussed in Takano, Nakai, and Kawaguchi (2002) , it is not possible to exclude that the (3,3) line is stronger than usual due to non-thermal excitation. To further investigate this issue, detailed observations to monitor the intensity variation and change of the lineshape would be helpful, although such observations will not be easy due to the low intensity of the ammonia lines.
Southwestern Clumps
Strong ammonia emission was detected in two southwestern clumps (SW1 and SW2) in the present VLA data. In particular, the (2,2) line was mainly observed from these clumps, as shown in figure 5b . In addition, Takano, Nakai, and Kawaguchi (2002) estimated the position of this gas to be ∼ 10 southwest from the center based on the (2,2) lineshape obtained with the 45-m telescope and on the velocity field of the CO gas (Canzian et al. 1988 ). The present observations revealed the positions of the clumps to be at about 7 (SW1) and 20 (SW2) southwest from the center; thus, their estimate was roughly consistent with the present results.
It would be quite interesting to investigate the relation between the southwestern clumps and the physical properties of these regions. The relatively high activity (e.g., star-formation, supernovae) in the SW region is already seen in the infrared and radio continuum distributions (e.g., Piña et al. 1992; Kalas, Wynn-Williams 1994; Turner, Ho 1985; Ulvestad, Antonucci 1997) . In figure 8 the distribution of the (1,1) line intensity is shown together with the distribution of the continuum at 6 cm (Antonucci, Ulvestad 1988) , where the continuum positions are indicated by crosses, and the continuum intensities are indicated by the sizes of the cross. The strongest continuum source is located at the center of the galaxy, and the second strongest source ['TH source 9' in Turner, Ho (1985) ] corresponds to SW1. Ulvestad and Antonucci (1997) infer that this second radio source is generated by one or more supernova remnants. On the other hand, there is no clearly apparent strong source at SW2. This result indicates that the ammonia distribution and the radio continuum sources have no close relations, and suggests a possibility that 'TH source 9' and SW1 are observed along the same line of sight by chance.
Comparison with Other Molecular Distributions
At present, the distributions of the following molecular lines have been studied with radio interferometers in NGC 253: J (or N) = 1-0 transitions of 12 CO, 13 CO, CN, HCN, HNC, HCO + , and H 13 CO + , J = 2-1 transitions of thermal (v=0) SiO and CS, and OH at 18 cm (Turner 1985; Canzian et al. 1988; Carlstrom et al. 1990; Paglione et al. 1995; Peng et al. 1996; Hüttemeister, Aalto 1999; García-Burillo et al. 2000; Paglione et al. 2004 ). The overall distribution of the ammonia (1,1) line is similar to that of CO, and its P.A. (∼ 60 • ) is also similar to that of the optical bar (∼ 51 • ). In addition, the distribution of the ammonia (1,1) line is rather clumpy (cf. figure 5a), and such structure is similar to the distributions of CS, HCN, H 13 CO + , and SiO. At the position of SW2 of ammonia, there are corresponding clumps in the distributions of CS, CO, H 13 CO + , and SiO, but not for HCN. The absence of HCN in this region is discussed by Peng et al. (1996) . In addition, at the NE2 ammonia position, there are corresponding clumps in the distributions of HCN, H 13 CO + , and SiO, but not clearly seen in the case of CS and CO. This small-scale difference may be due to the combined effects of different optical depths, beam sizes, and chemistry. On the other hand, the most prominent difference in the distribution of the NH 3 (1,1) line from those of other molecular lines is the central absorption feature. For molecules observed in the 3 mm region, no absorption has been reported. This difference would be mainly caused by the relatively low frequency (∼ 23.7 GHz) and the relatively strong intensity of the central continuum emission (Carlstrom et al. 1990; Peng et al. 1996; García-Burillo et al. 2000) at the present ammonia transition.
Summary
1. The distributions of the ammonia (1,1), (2,2), and (3,3) lines were mapped with the VLA in the nearby starburst galaxy NGC253. The beam size was about 4 × 3 . The (1,1) and (3,3) lines are prominent along the bar, mainly in the northeastern and southwestern regions relative to the center. The (1,1) line exhibits absorption in the center of NGC 253. On the other hand, the (2,2) line emission arises mainly from two clumps in the southwestern regions.
2. The overall ammonia distributions measured are consistent with the peculiar lineshapes obtained with the Nobeyama 45-m telescope in an earlier study.
3. Information on the rotational temperature and abundance was obtained in each clump in the central region of NGC253. Relatively high activity (star-formation, supernovae, etc.) has been suggested in the southwestern regions. Such activity is consistent with the distribution of the (2,2) (a) (1,1) 9, −7, −5, −3, 3, 5, 7, 9, 11. (b) Maps of the (2,2) .06
(1,1) Flux Density / Jansky (1,1) and 6 cm continuum peaks Fig. 8 . Continuum peak positions (cross) at 6 cm (Antonucci, Ulvestad 1988 ) with more than 0.5 mJy are overlaid on the integrated intensity map of the NH 3 (1,1) line (grey scale). The unit of the grey scale is mJy beam −1 km s −1 . The size of the cross is proportional to the flux density (2 mJy per 1 ). The biggest cross at the center is the center of NGC 253 (37.90 mJy), and the second biggest cross corresponds to the so called 'TH source 9' (27.74 mJy) (Turner, Ho 1985) . 
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16 * The error is estimated from the relative uncertainty of 20% of the integrated intensity. The rotational temperature is regarded as an lower limit. See the analysis. † Estimated from the condition of absorption. See the discussion. ‡ The signal is rather weak to obtain a reliable value.
